The aminophospholipids phosphatidylethanolamine (PE) and phosphatidylserine (PS) are the major phospholipids contained in the cytoplasmic leaflet of the human erythrocyte (RBC) plasma membrane and are largely confined to that leaflet over the entire RBC lifespan. In particular, PS, which comprises -13% of total RBC membrane phospholipids, is normally restricted entirely to the cytoplasmic leaflet. However, molecular mechanisms that regulate this asymmetric distribution of phospholipids are largely unknown. We examined el- 
Introduction
It is now well established that the phospholipids that comprise the human erythrocyte (RBC)' plasma membrane are arranged asymmetrically between the bilayer leaflets (1) . This asymmetric organization results in the exoplasmic leaflet being enriched in the choline-containing phospholipids, phosphatidylcholine (PC) and sphingomyelin (SM) , and the cytoplasmic leaflet being enriched in the aminophospholipids, phosphatidylethanolamine (PE), and phosphatidylserine (PS). Notably PS is found only in the cytoplasmic leaflet. Recently, it has been shown that this arrangement is not static and that dynamic transbilayer movement (i.e., flip-flop) of some phospholipids does occur (2-4). That the asymmetric organization of phospholipids is maintained throughout the 120-d average lifespan of RBCs (5) implies that some mechanism must exist to stabilize specific phospholipids within bilayer leaflets. It has been suggested that spectrin is involved in this process since spectrin interacts with aminophospholipids in lipid monolayers (6) , phospholipid vesicles (7), and in intact RBCs (8) . Also, partial loss of membrane phospholipid asymmetry occurs upon depletion of RBC membranes of spectrin during preparation of inside out vesicles (IOVs) in vitro (9) , and in spectrin-free microvesicles spontaneously released from aged RBC (10, 11) . The present work examines the contribution of protein 4.1 towards the maintenance of RBC membrane phospholipid asymmetry. Protein 4.1 is known to bind to the distal end of the spectrin tetramer (12) , associate with the cytoplasmic domain ofintegral membrane glycophorins (13, 14) , and interact with protease digested IOVs (15 (30) . For some experiments, protein 4.1 was denatured by heating at 65°C for 20 min. In our hands, heat-denatured protein 4.1 did not sediment at the concentrations used in these studies. Protein determinations were performed by the method ofBradford (31) . SDS-PAGE was performed as described by Laemmli (32) , and the protein bands were quantitated by densitometry ofCoomassie Brilliant Blue stained gels. For some experiments protein 4.1 was radiolabeled with '25I-Bolton Hunter reagent (33) . Protein 4.1 was used when prepared, or in some cases, stored in siliclad-treated polycarbonate tubes at -70°C in PBS containing 20 mM potassium chloride, 1 mM disodium EDTA, 0.2 mM DTT, and 0.4 mM diisopropylfluorophosphate.
IOV binding to liposomes. IOVs (12 ug phosphorus) were incubated at 37°C for I h with 40 nmol radiolabeled liposomes (PS/PC, 3:1 molar ratio) in a total volume of 0.2 ml buffer A (20 mM sodium Hepes, pH 7.4, containing 140 mM NaCI). After the incubation, the liposome-IOV complex was sedimented at 39,000 g for 30 min at 4°C and washed twice in buffer A. The amount of membrane-bound liposomes was determined by the radioactivity contained in the washed IOV pellets. with liposomes (50 umol lipid) in siliclad-coated polycarbonate tubes in a total volume of 0.25 ml buffer A at 37°C for 30 min. Liposomebound protein was separated from unbound protein by flotation through a Ficoll 400 discontinuous density gradient as follows: a stock solution of 30% Ficoll 400 was added to the 25I-protein 4. 1-liposome incubation mixture to a final concentration of 3 ml 10% Ficoll. Siliclad-treated 13 X 51 mm polyallomer ultracentrifuge tubes were layered (from bottom to top oftube) with 1 ml of 30% Ficoll 400, 3 ml of the 10% Ficoll-liposome-protein 4.1 incubation mixture, and 0.5 ml of buffer A. The gradient was centrifuged for 1 h at 25°C (model SW 50.1 swinging bucket rotor at 35,000 rpm in a model L8-80 ultracentrifuge; Beckman Instruments, Inc., Fullerton, CA (Fig. 3) . We found that the extent of protein 4.1 binding to liposomes was directly proportional to the liposome PS content (Fig. 4) (35) . The blots were incubated with human antiglycohorin antibodies followed by '25I-protein A and exposed to Kodak XAR-5 film for 2 d, as described by Lu et al. (37) . The nomenclature of the glycophorins is according to Steck (34) . was separated from unbound protein by centrifugation through a discontinuous 10-30% Ficoll 400 gradient, as described in Fig. 3 . Data points represent the average of duplicate determinations and were corrected for 2% nonspecific protein binding to liposomes evaluated using a heat-denatured (650C for 20 min) protein 4.1 control. The line drawn was a best fit determined by linear regression analysis.
sults in the uptake of PS into the exoplasmic bilayer leaflet followed by translocation into the cytoplasmic leaflet; the rate and extent of the translocation being dependent on the PS acyl-chain composition and the metabolic state of the cell (4, 41) . Once translocated into the cytoplasmic leaflet this exogenously added PS is maintained in that leaflet, as evidenced by the inability to quench spin-labeled PS with exogenously added reducing agents (4), and by the irreversible nature of stomatocytic shape changes induced by its incorporation into the cytoplasmic leaflet (41) . Thirdly, RBC membrane phospholipid asymmetry is maintained throughout the 1 20-d average lifespan of the cells (5), despite the fact that dynamic bilayer translocation of phospholipids does occur in intact cells (3, 4) .
The work presented in this paper was undertaken to examine the interactions between protein 4.1 and PS. A previous report by Sato and Ohnishi (15) centrifugation through a discontinous Ficoll 400 density gradient and liposome and protein contents quantitated, as described in Fig. 3 . Data points represent the average of duplicate determinations. cells although there was some redistribution of PC from the exoplasmic to the cytoplasmic leaflet, presumably to maintain an equimolar amount of total phospholipid in each bilayer leaflet. Note that differences in cell hemolysis caused by treatment with the phospholipases can affect the amount of phospholipids hydrolysed. However, our experience, and those of others using phospholipases to examine membrane phospholipid asymmetry, shows that below 10% hemolysis there is a 0.1% increase in PS degradation for every 1% increase in hemolysis. This increase is attributable to penetration of the enzymes into the cell interior. Therefore, at 6% hemolysis (measured for the HE[4.10] RBCs) we would expect only 0.6% artefactual PS degradation, which could not account for the 10% degradation of PS measured in the HE [4. 10] cells. Also, note that in the HE [4. 10] RBCs only the transmembrane distribution of PS was found to be altered; in other pathologic RBCs that we have examined, in which the primary membrane defect is thought to involve spectrin, such as in sickle cells and spectrin-deficient cells, bilayer redistributions of both PE and PS were always observed together (5).
Membranes from HE [4. 10] RBCs are also > 80% deficient in glycophorin C (synonyms PAS-2, glycoconnectin), a minor sialoglycoprotein in the RBC membrane (14) . To determine whether the absence ofglycophorin C contributed to the availability of PS in the exoplasmic leaflet of the HE [4. 1] RBCs, we examined membrane phospholipid organization in RBCs lacking the Gerbich blood group (Ge-) antigen. Ge-RBCs differ from normal RBCs in that they completely lack glycophorin C, but contain normal amounts ofall other cytoskeletal proteins, including protein 4.1 (reference 36 and confirmed in our laboratory). We found that Ge-RBCs did not have any PS in the membrane exoplasmic leaflet, confirming previous observations of Kuypers et al. (39) . These observations strongly suggest that it was the absence of protein 4.1, and not a deficiency ofglycophorin C, which was principally responsible for the abnormal increased availability of PS in the exoplasmic leaflet of the HE [4. proteins, including spectrin-actin (30), glycophorin (13) , and band 3 (42) . Furthermore, PS model membranes bind to spectrin in vitro (6, 7) . Therefore, it is likely that both protein 4 
